Introduction {#s1}
============

Glioblastoma is the most lethal type of primary brain tumor. Despite aggressive surgical treatment, followed by radiation and chemotherapy, the median survival time is less than 2 years [@pone.0095060-Stupp1]. Glioblastoma contains a small subpopulation of self-renewing tumorigenic cancer stem cells (glioblastoma stem cells, GSCs) that are implicated in tumor growth, recurrence, metastases as well as resistance to conventional therapies [@pone.0095060-Ji1], [@pone.0095060-Fukaya1], [@pone.0095060-Pollard1]. Understanding the mechanisms of these cells is essential for the development of therapeutic approaches for treatment of glioblastoma. In the present study, we mainly focused on the biological significance of GSCs isolated from U87 glioblastoma cell line.

MicroRNAs (miRNAs), a class of non-coding small molecule RNAs, participated in the regulation of individual development, apoptosis, proliferation and differentiation [@pone.0095060-Garzon1], [@pone.0095060-Nimmo1]. Altered patterns of miRNA expression between normal and tumor tissues affected tumorous cell cycle and survival programs [@pone.0095060-Yu1], [@pone.0095060-Callegari1], [@pone.0095060-Koshkin1], [@pone.0095060-Palumbo1]. MiR-330 was first discovered by Weber [@pone.0095060-Weber1] and was reported to act as a tumor-suppressor in prostate and lung primary tumors [@pone.0095060-Lee1], [@pone.0095060-Pang1], [@pone.0095060-Hodzic1]. However, the function and molecular mechanisms of miR-330 in the regulation of GSCs malignant behavior have still remained completely unknown.

SH3GL2 is mainly distributed in the central nervous system, particularly enriched in presynaptic ganglion whereas it may be expressed at very low expression levels in other tissues [@pone.0095060-Giachino1], [@pone.0095060-Ringstad1]. It has been confirmed that SH3GL2 displayed a decreased expression level in many tumors such as non-small lung cancer and laryngeal carcinoma [@pone.0095060-Dasgupta1], [@pone.0095060-Shang1]. Potter et al also reported the deletion of *SH3GL2* locus in pediatric pilocytic astrocytoma, suggesting that SH3GL2 might function as a tumor suppressor in brain tumors [@pone.0095060-Potter1]. However, it's still unclear why the expression level of SH3GL2 is decreased in cancer cells, especially in brain glioblastoma.

Soubeyran's research showed that the complexes formed by SH3GL2, Cb1 and CIN85 activated the epidermal growth factor receptor (EGFR) on the cell membrane, mediated EGFR endocytosis and promoted its degradation [@pone.0095060-Soubeyran1]. About half of the glioblastomas exhibit EGFR anomalies including amplification and mutation of the *EGFR* gene and/or increased EGFR protein expression [@pone.0095060-Johnson1]. Downstream signaling pathways including mitogen-activated protein kinase (MAPK), phosphatidylinositol 3-kinase (PI3K/Akt), phospholipase C (PLC), signal transducer and activator transcription (STAT) and SRC/FAK pathways will be activated by ligand binding to the receptor [@pone.0095060-Wang1], [@pone.0095060-Mangelberger1]. Decreased internalization and degradation of EGFR contributed to the enhanced proliferation, angiogenesis, necrosis, impaired apoptosis and treatment resistance [@pone.0095060-Brand1], [@pone.0095060-Taylor1].

In this study, we mainly aimed to investigate the role of miR-330 in biological significance of GSCs and thereby to determine whether the ERK and PI3K/AKT pathways will be involved in miR-330-dependent regulation of malignant behavior of GSCs via down-regulating SH3GL2 expression.

Materials and Methods {#s2}
=====================

Ethics Statement {#s2a}
----------------

This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The experimental protocol was approved by Administrative Panel on Laboratory Animal Care of the Shengjing Hospital. Mice were housed in an animal facility and were maintained in a temperature-controlled and light-controlled environment. All animals had access to food and water ad libitum. All surgery was performed under anesthesia, and all efforts were made to minimize suffering.

Reagents and Cell Culture {#s2b}
-------------------------

Human glioblastoma cell lines U87 was obtained from Shanghai Institutes for Biological Sciences Cell Resource Center, grown in Dulbecco's Modified Eagle Medium (DMEM) of high glucose with fetal bovine serum (FBS, Life Technologies Corporation, Paisley, UK). The cells attached and grew as a monolayer in flasks. When the cells reached the logarithmic growth phase, at a density of about 5--6×10^6^ live cells per flask, they were re-suspended in the serum-free medium consisted of DMEM/F12 (Life Technologies Corporation, Paisley, UK) supplemented with 20 ng/ml of basic fibroblast growth factor (bFGF, Life Technologies Corporation, Paisley, UK), 20 ng/ml of epidermal growth factor (EGF, Life Technologies Corporation, Paisley, UK) and B27 serum-free supplement (Life Technologies Corporation, Paisley, UK). Cells were then incubated in a 25 cm^2^ non-treated cell culturing flask. All cells were incubated in a 5% CO~2~ humidified incubator at 37°C.

Isolation and Identification of GSCs {#s2c}
------------------------------------

After cultured in the serum-free medium for 2 weeks, the primary spheres formed and reached 100--200 cells each, the cells remaining in the flasks were the non-glioblastoma stem cells (non-GSCs). The cultures were harvested by mechanical centrifugation, trypsinized into single-cell suspensions and plated into a 96-well plate for the subsphere-forming assay by limiting dilution as described previously [@pone.0095060-Hong1], [@pone.0095060-Zhang1], [@pone.0095060-Stiles1]. Meanwhile, the monolayer cells remaining in the flasks after harvesting the spheres were transferred into medium without growth factors but permissive for differentiation. Spheres and differentiated cells were cultured in pre-coated chamber slides and fixed, and then were stained with the antibodies as follows: anti-Nestin (rabbit, monoclonal, IgG1, 1∶100, Santa Cruz Biotechnology, USA), anti-CD133 (mouse, monoclonal, IgG1, 1∶100, Santa Cruz Biotechnology, USA), anti-GFAP (rabbit, polyclonal, 1∶100, Abcam, MA, USA), anti-beta-tubulinIII (mouse, monoclonal, IgG1, 1∶100, Santa Cruz Biotechnology, USA). The primary antibodies were detected with cy3-conjugated anti-mouse and FITC-conjugated anti-rabbit IgG antibodies (1∶200, Beyotime Institute of Biotechnology, Jiangsu, China). Cells were also counterstained with DAPI to identify all nuclei.

RNA Extraction and Real-time PCR {#s2d}
--------------------------------

Total RNA was extracted using Trizol (Life Technologies Corporation, Carlsbad, CA, USA) according to the manufacturer's instruction. To analyze miR-330 expression levels among different groups, the real-time PCR assay was used to quantify the miRNAs expression levels. Taqman MicroRNA Reverse Transcription Kit, Taqman Universal Master Mix II and TaqMan MicroRNA Assay of miR-330 and U6 (Applied Biosystems, Foster City, CA, USA) were used for reverse transcription and real-time PCR amplification. The expression levels of miR-330 were normalized with the reference U6, and fold changes were calculated by relative quantification (2^−ΔΔCt^) method.

Transfection and Generation of Stable Cell Lines {#s2e}
------------------------------------------------

Human full-length *SH3GL2* gene and its 3′ untranslated region (UTR) were constructed in pEX-2 plasmid vector (GenePharma, Shanghai, China). In order to knockdown *SH3GL2*, cells were transfected with the plasmid containing short hairpin RNA directed against human *SH3GL2* gene (sh*SH3GL2*) (GenePharma, Shanghai, China). The sequence of sh*SH3GL2* was Sence: 5′-CACCGCCTAGAAGGGAATATCAACCTTCAAGAGAGGTTGATATTCCCTTCTAGGCTTTTTTG-3′; Anti-sence: 5′-GATCCAAAAAAGCCTAGAAGGGAATATCAACCTCTCTTGAAGGTTGATATTCCCTTCTAGGC-3′. Stable transfection was performed at about 80% confluency in 24-well plates using Lipofectamine LTX and Plus Reagents (Life Technologies Corporation, Carlsbad, CA, USA) according to the manufacturer's instructions. The stable transfected cells were selected by the culture medium containing 0.5 mg/ml G418 (Sigma-Aldrich, St Louis, MO, USA). After approximately 4 weeks, G418-resistant cell clones were established: SH3GL2 (+) and SH3GL2 (−).

Cell Transfection of miRNA {#s2f}
--------------------------

The miRNA-330 mimics, miRNA-330 inhibitors and their negative control molecules were synthesized (Life Technologies Corporation, MD, USA). GSCs were transfected using lipofectamine 2000 reagent (Life Technologies Corporation, Carlsbad, CA, USA). Transfection complexes were prepared according to the manufacturer's instructions and added directly to the cells to a final oligonucleotide concentration of 50 nM. After transfected 6 h, the medium was replaced with fresh serum-free medium of GSCs, and the cells were incubated for an additional 48 h. The transfected efficacy of miRNA-330 mimics and miRNA-330 inhibitors were evaluated by real-time PCR, and the highest transfected efficacy of these were both occurred at 48 h. Therefore, the time after transfected 72 h was considered as the harvested time in the subsequent experiments. GSCs transfected with miRNAs were divided into 5 groups: control group given no miRNAs, mock 1 group transfected with miR-330 mimics negative control molecules, pre-miR-330 group transfected with miR-330 mimics, mock 2 group transfected with miR-330 inhibitors negative control molecules, anti-miR-330 group transfected with miR-330 inhibitors. Those stable transfected cells co-transfected with miR-330 mimics (or miR-330 inhibitors) were divided into 5 groups: control group, SH3GL2 (−) & pre-miR-330 group (SH3GL2 (−) stable cells co-transfected with miR-330 mimics), SH3GL2 (−) & anti-miR-330 group (SH3GL2 (−) stable cells co-transfected with miR-330 inhibitors), SH3GL2 (+) & pre-miR-330 group (SH3GL2 (+) stable cells co-transfected with miR-330 mimics), SH3GL2 (+) & anti-miR-330 group (SH3GL2 (+) stable cells co-transfected with miR-330 inhibitors).

Proliferation Assay {#s2g}
-------------------

Cell proliferation was assessed using CCK8 (Beyotime Institute of Biotechnology, Jiangsu, China) according to the manufacturer's instructions. Cells (2000 cells/well) were seeded into 96-well cell culture plates with five replicate wells for each group, and assayed at 72 h after transfection. 10% CCK8 was added into each well and incubated for another 4 h, and the absorbance was finally measured at the wavelength of 450 nm.

Quantization of Apoptosis by Flow Cytometry {#s2h}
-------------------------------------------

Apoptosis was determined using an Annexin V-fluorescein isothiocyanate assay (Beijing Baosai Biotech, China). The cells were washed twice in phosphate-buffered saline and re-suspended in a binding buffer. Annexin V-fluorescein isothiocyanate were added to the cell suspension, followed by incubation at room temperature in the dark for 15 min., and then 300 µl of binding buffer and 5 µl of propidium iodide (PI) were added. The cells were analyzed using flow cytometry (FACScan, BD Biosciences, USA). Data analysis was performed using CELLQuest 3.0 software.

Cell Migration and Invasion Assay {#s2i}
---------------------------------

24-well transwell chambers with 8 µm pore size polycarbonic membrane (Corning, NY, USA) were used to examine the effects of cell migration and invasion. Cells transfected with the desired miRNAs were dissociated enzymatically in 100µl serum-free medium and added to the upper chamber, while the lower chamber was filled with 600 µl medium containing 10% FBS. Cells on the top of membrane surface were removed with cotton swabs after incubation for 24 h at 37°C. Cells on the bottom of the membrane surface were fixed with methanol and glacial acetic acid in a 3∶1 ratio, then stained with 20% Giemsa solution for 30 min at room temperature and washed twice with PBS. Chambers were subjected to a microscopic inspection and counted within five randomly chosen microscope fields, and then the average number was taken. For the cell invasion ability assay, the procedure was similar to migration assay, but the top of membrane surface was coated with a 500 ng/µl Matrigel solution (BD, Franklin Lakes, NJ, USA), and incubated for 4 h at 37°C before added cells to the chamber for the further assay. The fix, stain and count of invasive cells were same as cell migration assay.

Western Blot Analysis {#s2j}
---------------------

Total protein was isolated in RIPA buffer supplemented with protease inhibitors and phosphatase inhibitor. The samples were centrifuged at 14,000×g 4°C for 5 min and the protein concentration of the supernatant extracts was determined by BCA protein assay kit (Beyotime Institute of Biotechnology, Jiangsu, China). Cell lysates were subjected to SDS-PAGE and proteins electroblotted onto a PVDF membrane. The membranes were blocked using 5% non-fat milk dissolved in Tris-buffered saline-Tween (TBST) containing 0.5% Tween 20 for 3 h. Thereafter, the membranes incubated with primary antibody as follows: SH3GL2 (rabbit, polyclonal, IgG1, 1∶500, Santa Cruz Biotechnology, CA, USA); ERK1/2, p-ERK1/2 (rabbit, monoclonal, IgG1, 1∶1000, Santa Cruz Biotechnology, CA, USA); PI3K, p-PI3K, AKT, p-AKT (rabbit, polyclonal, IgG1, 1∶1000, Cell Signaling Technology, Danvers, Massachusetts, USA), Caspase-3, TRAIL, XIAP, Bcl-2 (rabbit, polyclonal, IgG1, 1∶500, Santa Cruz Biotechnology, CA, USA) and GAPDH (mouse, monoclonal, IgG1, 1∶1000, Santa Cruz Biotechnology, USA). The membranes were then washed with TBST and incubated with correlated HRP-conjugated secondary antibody. Immunoblots were visualized by enhanced chemiluminescence (ECL kit, Santa Cruz Biotechnology, USA) and scanned using Chemi Imager 5500 V2.03 software. The relative integrated density values (IDVs) were calculated by Fluor Chen 2.0 software and normalized with GAPDH.

Subcutaneous and Orthotopic Xenografts {#s2k}
--------------------------------------

For the in vivo xenograft assays, the stable transfected cell lines were used. The miR-330 knockdown plasmid, pEGFP-miR-330-inhibitor sponge (GenePharma, Shanghai, China), was transfected using Lipofectamine LTX and Plus Reagents and selected by the culture medium containing 10 µg/ml blasticidin (Life Technologies Corporation, Carlsbad, CA, USA) to generate miR-330 (−) stable transfected cell lines. To generate SH3GL2 (+) & miR-330 (−) stable transfected cell lines, pEGFP-miR-330-inhibitor sponge plasmids was transfected in SH3GL2 (+) stable transfected cells and selected by the culture medium containing 10 µg/ml blasticidin.

For subcutaneous implantation, mice were anesthetized by intra-peritoneal administration of ketamine plus xylazine. The mice were randomly divided into four groups: control group given only GSC cells, SH3GL2 (+) group given the SH3GL2 (+) stable transfected cells, miR-330 (−) group given the miR-330(−) stable transfected cells, SH3GL2 (+) & miR-330 (−) group given the SH3GL2 (+) & miR-330 (−) stable transfected cell lines. A total of 5×10^6^ cells suspended in 100µl 1×PBS was injected subcutaneously into the 4-week old BALB/C athymic nude mice (Cancer Institute of the Chinese Academy of Medical Science). Nude mice were monitored daily, and tumor size was measured with a caliper every five days, until 42 days post-injection. The tumor volume was calculated using the formula: tumor volumes (mm^3^) = (the longest diameter) × (the shortest diameter)^2^×0.5. Mice were sacrificed by CO~2~ inhalation and death was confirmed by cervical dislocation when tumors reached a volume of approximately 1200 mm^3^.

For orthotopic tumor inoculations, mice were anesthetized by intraperitoneal injection of ketamine plus xylazine. Mice were fixed in a stereotactic frame (Kopf Instruments, CA, USA) and a 1.5 cm (longitudinal) incision was made and a burr hole was drilled. 5×10^6^ cells suspended in 5µl 1×PBS were injected slowly into the right striatum using a gauge needle which remained in place for additional two minutes to minimize reflux through the needle track. The incision was closed with stitches. The mice were weighted, and their health and behavior was evaluated every two days. Mice were sacrificed by CO~2~ inhalation and death was confirmed by cervical dislocation if they exhibited excessive weight loss of 20% body weight, tumor metastasis, lethargy, or other signs of distress consisted with IACUC standards. In the 60-days observation period, the number of survived nude mice was recorded every 5 days.

Statistical Analysis {#s2l}
--------------------

Experimental data were expressed as means ± standard deviation (SD), and statistical analysis was performed using SPSS13.0 statistical software. One-way ANOVA followed by Dunnett's post-test or *t*-test of two group comparisons was used for comparison between groups. *P*\<0.05 was considered statistically significant.

Results {#s3}
=======

Isolation and Identification of GSCs from U87 Cells {#s3a}
---------------------------------------------------

The U87 cells were expanded in the cultural medium containing FBS ([Figure 1A](#pone-0095060-g001){ref-type="fig"}--a). After cultured in the serum-free medium for 2 weeks, a lot of suspended cell masses appeared and gradually formed spheres containing 100--200 cells ([Figure 1A](#pone-0095060-g001){ref-type="fig"}--b). In order to test the self-renewing ability, the subspheres were harvested and a second round subsphere-forming assay was performed. The majority of cells formed spheres again after 1 week which was similar to those of the previous assay ([Figure 1A](#pone-0095060-g001){ref-type="fig"}--c). The stain of Nestin and CD133 proved that most cells within spheres expressed neural stem cell lineage markers on membranes ([Figure 1B](#pone-0095060-g001){ref-type="fig"}). Differentiation capacity was checked by differentiation assay and results showed that single-cell suspensions of spheres differentiated towards neuronal and astrocytic lineages and were positive for GFAP and beta-tubulin-III lineage markers ([Figure 1C](#pone-0095060-g001){ref-type="fig"}).

![Isolation and identification of GSCs.\
(A) a: U87 cell lines attached and grew as a monolayer in flasks. b: The spheres formed and reached 100--200 cells each in the serum-free medium. c: Subsphere-forming assay of single-cell suspensions from the cell spheres. (B) Immunofluorescence staining of Nestin (green) and CD133 (red) in cell spheres. (C) Glioblastoma sphere-differentiated progenies were stained with GFAP (green) and beta-tubulin III (red). Scale bars represent 20 µm.](pone.0095060.g001){#pone-0095060-g001}

The Expression of miR-330 was Increased in GSCs {#s3b}
-----------------------------------------------

Results of real-time PCR analysis showed that the miR-330 expression level was significantly higher in GSCs than non-GSCs ([Figure 2](#pone-0095060-g002){ref-type="fig"}).

![Expression of miR-330 in GSCs and non-GSCs.\
Relative expression levels of miR-330 in GSCs and non-GSCs. The expression of miR-330 in non-GSCs accounted for 45.26% of that in GSCs. Values represent the mean ± SD from five independent experiments. \**P\<*0.05 vs. non-GSCs group.](pone.0095060.g002){#pone-0095060-g002}

MiR-330 Promoted Proliferation, Anti-apoptosis, Migration and Invasion of GSCs {#s3c}
------------------------------------------------------------------------------

To test the effects of miR-330 on GSCs proliferation, CCK8 assays were performed. As shown in [Figure 3A](#pone-0095060-g003){ref-type="fig"}, the proliferative ability of GSCs was increased significantly in pre-miR-330 group compared with the mock 1 group (*P\<*0.05). There was no significant difference between the control group and the mock1 group. On the contrary, the proliferation of GSCs in anti-miR-330 group was decreased significantly compared with the mock 2 group (*P\<*0.05). There was no significant difference between the control group and the mock 2 group.

![Proliferation, apoptosis, migration and invasion of GSCs transfected with miR-330 mimics (or miR-330 inhibitors).\
(A) CCK8 assay showed that the ability of GSCs proliferation with the expression of miR-330 changed. (B) Incidence of apoptotic cells was studied by flow ctometry. The cells were stained with annexin V-fluorescein isothiocyanate and counterstained with PI. (C) The ability of GSCs migration and invasion with the expression of miR-330 changed. The photographs about cells on the membrane and accompanying statistical plots were presented. Values represent the mean ± SD from five independent experiments. \**P\<*0.05 vs. mock 1 group, *^\#^P\<*0.05 vs. mock 2 group.](pone.0095060.g003){#pone-0095060-g003}

To determine whether miR-330 was associated with GSCs apoptosis, quantization of apoptosis was assessed using flow cytometry. As shown in [Figure 3B](#pone-0095060-g003){ref-type="fig"}, the apoptosis rates in mock 1 and pre-miR-330 groups were 10.3±1.32% and 5.2±0.97% respectively. The apoptosis rate was significantly decreased by 5.1% in pre-miR-330 group compared with mock 1 group (*P\<*0.05). There was no significant difference between the control group and the mock 1 group. The apoptosis rates in mock 2 and anti-miR-330 groups were 11.2±1.58% and 17.2±2.04% respectively. The apoptosis rate was significantly increased by 6% in anti-miR-330 group compared with the mock 2 group (*P\<*0.05). There was no significant difference between the control group and the mock 2 group.

Transwell assays were preformed to test migration and invasion abilities of GSCs. As shown in [Figure 3C](#pone-0095060-g003){ref-type="fig"}, the migration and invasion were promoted in the pre-miR-330 group compared with the mock 1 group (*P*\<0.05). There was no significant difference between the control group and the mock1 group. However, the migration and invasion were decreased in anti-miR-330 group compared with the mock 2 group (*P*\<0.05). And there was no significant difference between the control group and the mock 2 group. These results clearly revealed that miR-330 could enhance FBS-induced migration and invasion of GSCs.

The Over-expressed MiR-330 Inhibited the Expression of SH3GL2 in GSCs {#s3d}
---------------------------------------------------------------------

As shown in [Figure 4A](#pone-0095060-g004){ref-type="fig"}, the expression level of SH3GL2 was lower in GSCs than in non-GSCs. The expression levels of SH3GL2 were detected by Western blot. As shown in [Figure 4B](#pone-0095060-g004){ref-type="fig"}, the protein expression levels of SH3GL2 were decreased in the pre-miR-330 group compared with the mock 1 group (*P\<*0.05). There was no obvious difference between the control group and the mock 1 group. By contrast, the anti-miR-330 group displayed the opposite effect on SH3GL2 expression to pre-miR-330 group: the expression level of SH3GL2 was increased compared with that of the mock 2 group (*P\<*0.05). Similarly, there was no obvious difference between the control group and the mock 2 group. All the results indicated that the expression of miR-330 could inhibit SH3GL2 expression at protein level.

![Expression of SH3GL2 in GSCs and non-GSCs, and SH3GL2 expression with expression of miR-330 changed.\
(A) The expression levels of SH3GL2 in GSCs and non-GSCs, using GAPDH as an endogenous control. The IDVs of SH3GL2 protein levels are shown. Data represent means ± SD (n = 5, each). \**P\<*0.05 vs. non-GSCs group. (B) Western blot analysis for miR-330 regulated the expression of SH3GL2 in GSCs, using GAPDH as an endogenous control. The IDVs of SH3GL2 protein levels are shown. Values represent the mean ± SD from five independent experiments. \**P\<*0.05 vs. mock 1 group, *^\#^P\<*0.05 vs. mock 2 group.](pone.0095060.g004){#pone-0095060-g004}

MiR-330 Promoted Proliferation, Anti-apoptosis, Migration and Invasion of GSCs by Down-regulating SH3GL2 {#s3e}
--------------------------------------------------------------------------------------------------------

As shown in [Figure 5A](#pone-0095060-g005){ref-type="fig"}, the cellular viability of the SH3GL2 (−) & pre-miR-330 group was increased whereas that of SH3GL2 (+) & anti-miR-330 group was decreased compared with the control group. Furthermore, the cellular viability was obviously lower in SH3GL2 (+) & anti-miR-330 group than SH3GL2 (−) & pre-miR-330 group (*P\<*0.05). These results demonstrated that miR-330 promoted GSCs proliferation by down-regulating SH3GL2.

![Proliferation, apoptosis, migration and invasion of GSCs with the expression of miR-330 and SH3GL2 changed.\
(A) The ability proliferation in GSCs with the expression of miR-330 and SH3GL2 changed. (B) Incidence of apoptotic cells was studied by flow ctometry. The cells were stained with annexin V-fluorescein isothiocyanate and counterstained with PI. (C) The ability of GSCs migration and invasion with the expression of miR-330 and SH3GL2 changed. Values represent the mean ± SD from five independent experiments. \**P\<*0.05 vs. control group, *^\#^P\<*0.01 vs. *SH3GL2* (−) & pre-miR-330 group. Scale bars represent 20 µm.](pone.0095060.g005){#pone-0095060-g005}

As shown in [Figure 5B](#pone-0095060-g005){ref-type="fig"}, the apoptosis rates in control and SH3GL2 (−) & pre-miR-330 groups were 11.9±1.92% and 3.2±0.39% respectively, which means that the apoptosis rate was significantly decreased by 8.7% in SH3GL2 (−) & pre-miR-330 group compared with the control group. The apoptosis rate in SH3GL2 (+) & anti-miR-330 was 24.1±3.87%, which was significantly increased by 12.2% and 20.9% compared with the control or SH3GL2 (−) & pre-miR-330 groups. These results demonstrated that miR-330 inhibited apoptosis of GSCs by down-regulating SH3GL2.

As shown in [Figure 5C](#pone-0095060-g005){ref-type="fig"}, the migration and invasion of GSCs was promoted in SH3GL2 (−) & pre-miR-330 group compared with the control group whereas that of the SH3GL2 (+) & anti-miR-330 group was decreased. In the SH3GL2 (+) & anti-miR-330 group, the migration and invasion of GSCs was decreased compared with the SH3GL2 (−) & pre-miR-330 group (*P*\<0.05). These results strongly suggested that miR-330 was an oncogenic factor that was involved in the migration and invasion of GSCs via down-regulating SH3GL2 expression.

MiR-330 Induced the Activation of ERK and PI3K/AKT Pathways by Down-regulating SH3GL2 {#s3f}
-------------------------------------------------------------------------------------

To test whether the ERK and PI3K/AKT pathways were activated in this process, Western blot assay was performed. The results showed that there was an increase of p-ERK/ERK expression in SH3GL2 (−) & pre-miR-330 group compared with the control group, and a decrease in SH3GL2 (+) & anti-miR-330 group. The expression of p-ERK/ERK was decreased in SH3GL2 (+) & anti-miR-330 group compared with SH3GL2 (−) & pre-miR-330 group (*P\<*0.05) ([Figure 6A](#pone-0095060-g006){ref-type="fig"}). The analysis of PI3K/AKT pathway also confirmed similar changes in GSCs ([Figure 6B, C](#pone-0095060-g006){ref-type="fig"}). These results demonstrated that the mechanism of miR-330 induced malignant behavior of GSCs was associated with the activation of ERK and PI3K/AKT pathways via down-regulating SH3GL2.

![Expression of p-ERK/ERK and PI3K/AKT in GSCs with the expression of miR-330 and SH3GL2 changed.\
(A) The expression levels of p-ERK/ERK with the expression of miR-330 and SH3GL2 changed. (B, C) The expression levels of PI3K/AKT pathway within the expression of miR-330 and SH3GL2 changed. GAPDH was used as an internal loading control. Accompanying graphs show densitometry analysis of protein expression. Values represent the mean ± SD from five independent experiments. \**P\<*0.05 vs. control group, *^\#^P\<*0.01 vs. *SH3GL2* (−) & pre-miR-330 group.](pone.0095060.g006){#pone-0095060-g006}

MiR-330 Inhibited the GSCs Apoptosis by Regulating the Expression of Apoptotic Proteins through Down-regulating SH3GL2 {#s3g}
----------------------------------------------------------------------------------------------------------------------

To determine whether apoptotic proteins were involved in the GSCs apoptosis induced by miR-330 via the down-regulation of SH3GL2, the protein expression levels of apoptotic proteins were measured by Western blot where GAPDH was used as an internal loading control. As shown in [Figure 7A](#pone-0095060-g007){ref-type="fig"}, the results demonstrated that the protein expression levels of Caspase-3 and TRAIL were inhibited in SH3GL2 (−) & pre-miR-330 group compared with the control group (*P\<*0.05). However, the expression of them in SH3GL2 (+) & anti-miR-330 group showed an increase compared with the control group (*P\<*0.05). The protein expression levels of Caspase-3 and TRAIL in SH3GL2 (+) & anti-miR-330 group were significantly promoted compared with SH3GL2 (−) & pre-miR-330 group (*P\<*0.05). As shown in [Figure 7B](#pone-0095060-g007){ref-type="fig"}, the analysis of anti-apoptotic protein showed that the protein expression levels of XIAP and Bcl-2 were promoted in SH3GL2 (−) & pre-miR-330 group compared with the control group (*P\<*0.05). However, the expression of them in SH3GL2 (+) & anti-miR-330 group showed a decrease compared with the control group (*P\<*0.05). Meanwhile, Bcl-2 and XIAP expression was inhibited in SH3GL2 (+) & anti-miR-330 group compared with SH3GL2 (−) & pre-miR-330 group (*P\<*0.05). These data confirmed that miR-330 played an anti-apoptotic role in GSCs by down-regulating SH3GL2.

![Expression levels of apoptotic proteins in GSCs with the expression of miR-330 and SH3GL2 changed.\
(A) The expression levels of caspase-3 and TRAIL in GSCs with the expression of miR-330 and SH3GL2 changed. (B) The expression levels of XIAP and Bcl-2 in GSCs with the expression of miR-330 and SH3GL2 changed. Accompanying graphs show densitometry analysis of protein expression. Values represent the mean ± SD from five independent experiments. \**P\<*0.05 vs. control group, *^\#^P\<*0.01 vs. *SH3GL2* (−) & pre-miR-330 group.](pone.0095060.g007){#pone-0095060-g007}

Knockdown MiR-330 and Over-expressed SH3GL2 Suppressed Tumor Growth and Prolonged Survival in vivo {#s3h}
--------------------------------------------------------------------------------------------------

As shown in [Figure 8A, B, C](#pone-0095060-g008){ref-type="fig"}, the results showed that the tumor sizes were smaller in the SH3GL2 (+) and miR-330 (−) groups compared with the control group. The smallest tumor sizes were observed in SH3GL2 (+) & miR-330 (−) group (*P*\<0.05). There was no significant difference between the SH3GL2 (+) group and the miR-330 (−) group. Compared with the SH3GL2 (+) group or miR-330 (−) group, mice in SH3GL2 (+) & miR-330 (−) group had longer survival ([Figure 8D](#pone-0095060-g008){ref-type="fig"}).

![Tumorigenicity assay in nude mice.\
(A) Nude mice were subcutaneously injected in the right flank with control cells, SH3GL2 (+) stable transfected cells, miR-330 (−) stable transfected cells and SH3GL2 (+) & anti-miR-330 stable transfected cells. (B) A sample tumor from representative group at 42 days post-injection was shown. (C) Tumor growth curve in nude mice. After subcutaneous implantation, tumor volume was measured every 5 days in mm^3^ (*n = *5). \**P\<*0.05 vs. control group, *^\#^P\<*0.05 vs. SH3GL2 (+) group, *^▴^P\<*0.05 vs. miR-330 (−) group. (D) Numbers of survived mice for 60 days (*n = *15).](pone.0095060.g008){#pone-0095060-g008}

Discussion {#s4}
==========

In this study, we proved that the expression level of miR-330 was increased in GSCs compared with non-GSCs. Besides, miR-330 could promote the ability of proliferation, anti-apoptosis, migration and invasion in GSCs. However, the expression of SH3GL2 was lower in GSCs, and could be inhibited by miR-330. In order to investigate whether SH3GL2 was involved in the miR-330-induced regulation of the malignant behavior of GSCs, the expression level of miR-330 and SH3GL2 were altered. Data demonstrated that SH3GL2 was negatively regulated by miR-330 in GSCs, which promoted the malignant behavior of GSCs. Further, we found that the ERK and PI3K/AKT signaling pathways were activated leading to regulate the expression of both apoptotic and anti-apoptotic proteins effectively blocking the apoptotic pathway. The in vivo studies also showed that mice carrying knockdown miR-330 and over-expressed SH3GL2 tumors produced significantly smallest tumors and had a highest survival.

In the present study, we have found that miR-330 had a higher expression level in GSCs, which indicated that it played an oncogenic role in the GSCs. In order to investigate the effects of miR-330 on GSCs malignant behavior, we carried out proliferation assay, flow cytometry, cell migration and invasion assays. The results showed that GSCs treated with pre-miR-330 promoted the abilities of proliferation, anti-apoptosis, migration and invasion. Conversely, the GSCs treated with anti-miR-330 had lower abilities of malignant behavior mentioned above. Recently, our preliminary research also confirmed similar results in human glioblastoma tissues and cells [@pone.0095060-Qu1]. However, other studies described it as a tumor-suppressor in prostate cancer and colorectal carcinoma [@pone.0095060-Lee1], [@pone.0095060-Li1], [@pone.0095060-Mao1]. The reason for this was that certain microRNA may be oncogenic in one cell or tissue type but tumour-suppressive in another, depending on the tissue context and target genes [@pone.0095060-Zheng1].

Our results proved that SH3GL2 had a reduced expression level in the GSCs compared with non-GSCs, suggesting that SH3GL2 was a tumor suppressor in GSCs. Consistent with this possibility, analyses in head and neck squamous cell carcinoma, breast carcinoma, laryngeal carcinoma and urothelial carcinoma have implicated SH3GL2 as a candidate tumor suppressor [@pone.0095060-Shang1], [@pone.0095060-Sinha1], [@pone.0095060-Majumdar1], [@pone.0095060-Maiti1]. Santanu also reported that genomic loss of *SH3GL2* and its expression appeared to be an important and common inactivation event in lung cancer progression [@pone.0095060-Dasgupta1]. To elucidate the regulation of miR-330 on SH3GL2 expression, GSCs were transfected with miR-330 mimics or miR-330 inhibitors. The protein expression levels of SH3GL2 in pre-miR-330 group were decreased while that it in anti-miR-330 group were increased. The results indicated that miR-330 could inhibit SH3GL2 expression at protein level. MiRNAs can regulate gene expression by inducing direct cleavage of the targeted mRNAs or inhibiting translation through perfect or nearly perfect complementarity to targeted mRNAs at the 3′-UTRs in animals [@pone.0095060-deMoor1], [@pone.0095060-Robins1]. Published article from our lab has shown that miR-330 could directly bind to the 3′-UTR of *SH3GL2* [@pone.0095060-Qu1].

Nest, we aimed to confirm whether SH3GL2 was also involved in the regulation of malignant behavior of GSCs. Result showed that GSCs treated with SH3GL2 (+) & anti-miR-330 showed lower abilities of proliferation, anti-apoptosis, migration and invasion than GSCs treated with SH3GL2 (−) & pre-miR-330. Conversely, GSCs treated with SH3GL2 (−) & pre-miR-330 had higher abilities of these. This result strongly indicated that over-expression of miR-330 could increase the malignant behavior of GSCs via the down-regulating SH3GL2. The in vivo studies also confirmed that mice carrying knockdown miR-330 and over-expressed SH3GL2 tumors produced significantly smallest tumors and had a highest survival. Studies have already shown that SH3GL2, also known as endophilin-1, might activate the EGFR on the cell membrane, enhance the endocytosis of the EGFR and trigger its degradation by forming CIN85-SH3GL2-Cb1 complex [@pone.0095060-Soubeyran1]. Low expression of SH3GL2 may delay the degradation of EGFR, thereby enhancing the functions of EGF. The binding of EGF to EGFR could activate MAPK pathway which can regulate fundamental cellular processes such as growth, proliferation, differentiation, migration and apoptosis. [@pone.0095060-Henson1], [@pone.0095060-Kirisits1], [@pone.0095060-Dhillon1]. MAPKs are a superfamily of protein serine--threonine kinases including ERKs. In addition, previous study found that EGF-induced receptor phosphorylation triggered the activation of downstream PI3K/Akt pathway which resulted in the change of various biological effects [@pone.0095060-Dudu1], [@pone.0095060-Chen1]. To further clarify the potential mechanisms in the SH3GL2-dependent regulation of malignant behavior of GSCs, the detection of ERK and PI3K/AKT activity was carried out by Western blot after the expression of miR-330 and SH3GL2 were changed. Results showed that the highest activity of ERK and PI3K/AKT appeared in SH3GL2 (−) & pre-miR-330 group. On the contrary, the lowest activity of ERK and PI3K/AKT appeared in SH3GL2 (+) & anti-miR-330 group. The results proved that ERK and PI3K/AKT signaling pathways were involved in the oncogenic progression of GSCs since miR-330 negatively regulated the expression of SH3GL2. Ramjaun et al reported that SH3GL2 played a functional role in germinal center kinase-like kinase (rGLK)-mediated c-Jun N-terminal kinase (JNK) activation, suggesting its additional or perhaps complementary role in the JNK-dependent signaling pathway, which is widely involved in the regulation of cell proliferation, apoptosis and metabolic process [@pone.0095060-Ramjaun1], [@pone.0095060-Lin1]. Additionally, recent studies have shown that SH3GL2 blocks the EGFR signaling and is associated with CTNNB1-mediated trans-activation pathway by reciprocally interacting with USP9X, a deubiquitinase stabilizing β-catenin, resulting in decreased tumor growth and invasion [@pone.0095060-Dasgupta1], [@pone.0095060-Vucic1]. These phenomena indicated that JNK and WNT signaling pathway might be also involved in oncogenic progression of GSCs since miR-330 negatively regulated the expression of SH3GL2.

Study had shown that the increased gene transcription caused by the activation of MAPK pathway leads to the increased expression levels of the anti-apoptotic protein Bcl-2 and apoptosis inhibitor protein XIAP [@pone.0095060-Lin2]. EGF binding to its receptor leads to the activation of AKT and phosphorylation of AKT substrates including the Bcl-2 family member BAD. This blocks TRAIL-induced apoptosis by inhibiting the release of cytochrome c from the mitochondria and caspase-3-like activation [@pone.0095060-Nesterov1]. In addition, EGF-induced activation of the PI3K signaling pathway is required for the prevention of TRAIL-induced apoptosis [@pone.0095060-Gibson1], [@pone.0095060-Henson2]. TRAIL-mediated apoptosis can result in the activation of caspase-8 and -10, which induces apoptosis by subsequent activation of the executioner caspase-3 [@pone.0095060-Johnstone1]. XIAP can prevent apoptosis by binding to it and inhibition of activated caspase-3 [@pone.0095060-Salvesen1], [@pone.0095060-Fulda1]. Further, we investigated whether the changed expression levels of miR-330 and SH3GL2 might affect the expression of apoptotic proteins in GSCs. Our results showed that the SH3GL2 (−) & pre-miR-330 group showed a decreased expression of apoptotic protein Caspase-3 and TRAIL, and an increased expression of anti-apoptotic protein XIAP and Bcl-2. On the contrary, SH3GL2 (+) & anti-miR-330 group showed an increased expression of apoptotic protein Caspase-3 and TRAIL, and a decreased expression of anti-apoptotic protein XIAP and Bcl-2. This indicated that miR-330 could promote the malignant behavior of GSCs and regulate the expression of apoptotic protein through down-regulating the expression of SH3GL2 and activating ERK and PI3K/AKT signaling pathways. In addition to the co-regulation of apoptotic proteins mentioned above, PI3K can also trigger ERK signaling pathways by activating RAS [@pone.0095060-Jun1]. These signal pathways are regulated by various positive and negative crosstalk and feedback loops [@pone.0095060-Aksamitiene1], [@pone.0095060-Chandarlapaty1]. It was illustrated that there might be interactions between these signaling pathways in GSCs, which needs to be further investigated.

Conclusion {#s5}
==========

This study proved for the first time that the tumor suppressor SH3GL2 is negatively regulated by miR-330 in GSCs. Over-expressed miR-330 could promote cell proliferation, anti-apoptosis, migration and invasion of GSCs through down-regulating SH3GL2 expression. The activation of the ERK and PI3K/AKT pathways as well as the changes in the expression of apoptotic proteins were the potential mechanisms involved in this process. The elucidation of these mechanisms will provided potential therapeutic approaches for human glioblastoma.
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